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Abstract. Previously, our research group obtained a set of calibration equations for being used by a device of 
electrical impedance tomography (EIT) and transform the impedance changes into a measurable volume signal 
in a group of healthy males. The mathematical adjustment of calibration equations were acceptable for 
respiration monitoring in clinical environment. For this case, the impedance variations were obtained from a set 
of EIT images that were reconstructed by an algorithm using a set of impedance matrixes (IEITM). Each element 
of IEITM depicts a set of impedance changes taken from the main arrangement of 16 electrodes. Now, our main 
challenge is to replace the EIT image by a 4-electrodes configuration to monitor breathing. For this purpose, we 
statistically compared the tetrapolar impedance changes obtained from IEITM and the volume determinations 
obtained by pneumotachometer (gold standard) in order to determine the optimal 4-electrodes configuration. 
Subsequently, for each configuration a set of 20 calibration equations were obtained. It was also compared those 
results determined by using EIT image. From the obtained results, it was evidenced that the best configurations 
were with electrodes 3-4 and 11-12 and the electrodes 4-5 and 12-13. The mean of R2 of the 20 calibration 
equations determined by EIT image, the configuration of electrodes 3-4/11-12 and the electrodes 4-5/12-13 were 
0.943±0.010, 0.848±0.062 and 0.690±0.122, respectively. The error (%) of volume determinations obtained by 
EIT, using EIT image, 3-4/11-12 and 4-5/12-13, respect those obtained by pneumotachometer were of 15±6%, 
16±4% and 43±41%, respectively. From the statistical comparison of the errors, it is evidenced that volume 
differences obtained by EIT, using image and configuration of electrodes 3-4/11-12, not showed statistically 
significant differences. So, we concluded that the EIT image and the configuration 3-4/11-12 are exchangeable. 
So, it is possible to use this 4 electrodes arrangement for respiration monitoring.  
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1. Introduction 
 
Nowadays, in medical areas, there is nothing good enough to follow in a non-invasive way the respiratory 
pattern (RP). The importance of the RP monitoring is that it provides information about the organs that control 
respiration and the neuromuscular disorders suffering by patients [1-2]. There are different devices used to 
monitor RP. The majority of them are expensive and can be used only at sanitary centers. The pneumotachometer 
is the method of reference to follow RP. However, it overestimates the volume determinations between the 15% 
and 35% by the essential use of a mouth piece and clip nose [3-6]. This device is mainly used in effort respiratory 
trials [7]. Other device used to monitor breathing is the respiratory inductance plethysmography (RIP). This 
equipment obtains a volume signal through the thoracic and abdominal movements recorded by two inductive 
bands. The main drawback of RIP is the recalibration due to the movements of the bands, causing an 
overestimation of volume measurements [8-10]. Exist other respiratory monitoring systems based on transducers 
of turbine and heat flux sensors. The turbine devices obtains a volume signal from the rotational speed of a 
turbine. The heat sensors flux devices use a metallic filament whose resistance values depend on temperature. 
The temperature of filament varies by the exhaled air. Both kind of monitoring systems are not accurate and it 
is possible to obtain a qualitative volume signal. These devices are used to follow respiration in obstructive sleep 
apena/hypopnea patients [11]. 
A new technique developed by different research groups for being used in clinical environment is the 
electrical bioimpedance (E.BI). E.BI measurements are based on the injection of an electrical current and the 
detection of a voltage (or vice versa) in a biological tissue. This method is used for characterizing the biological 
tissues. Some applications of E.BI in different clinical areas are 1) analysis and characterization of cells from its 
static and dynamic behavior [12-14], 2) cell quantification by a Coulter counter, method widely used in hospital 
environment [15], 3) body mass composition measuring [16-19], 4) cardiac volume-minute monitoring [20-21], 
5) assessment of the degree of cardiac graft rejection in post-transplanted patients [22] and 6) measurement of 
body fluid volume in patients with heart and kidney problems [23]. In all those studies, E.BI has proved its 
efficiency by obtaining promising results.  
Some research groups have paid special attention in pneumology area. For example, Houtveen et al. 
assessed the RIP technique and the thoracic impedance changes derived from breathing to different rates and 
positions obtained by 4 spot electrodes against the spirometry parameters. From the obtained results, they 
concluded that both methods can be used to monitor different respiratory rates, even to detect changes in 
respiratory volume. Nonetheless, they detected large measurement errors using both methods. This limit their 
use in ambulatory area. So, taking into account the anthropometric features of each person and the respiration 
posture, the researchers proposed that a new method of calibration must be developed [24].  
Other study was the performed by Roberts et al. They use the E.BI technique to detect and guide rescue 
ventilations (RV) in children between 6 months and 17 years. All volunteers were submitted to conventional 
mechanical ventilation. The RV are tidal volumes at a range between 7 and 10 ml/kg. The impedance changes 
were obtained by using defibrillator electrode pads in the thoracic standard anterior-apical position (AA) and 
the thoracic anterior-posterior position (AP). The results evidenced that changes in thoracic impedance obtained 
by using defibrillator pads can accurately detect ventilation above 7 ml/kg in basal state, corresponding to rescue 
ventilations, in AA and AP positions. However, it was not possible to detect volumes less to 7 ml/kg [25].  
Both researches revealed the challenge to detect ventilation by an electrical bioimpedance system. The 
impedance changes corresponding to lung ventilation were statistically significant compared to the volume 
changes obtained by a gold standard (spirometry parameters or pneumotachometer). However, in both studies a 
method of calibration for being used in E.BI system and monitor the breathing pattern was not suggested. 
Another technique based on the acquisition of impedance measurements and used to analyze the 
respiratory pattern is the electrical impedance tomography (EIT). EIT is a technique of imaging which represent 
the impedance distribution in a cross-sectional area of human body [26-28]. The Images are created by the 
reconstruction of a set of tetrapolar impedance measurements taken from an arrangement of electrodes placed 
around the thorax. Its main application is in the pneumology area as, for example, the detection and 
quantification of liquid in lungs [29-30] or the pressure-volume obtaining curves [31-32].  
In previous studies, our research group analyzed and adjusted the impedance changes corresponding to 
tidal volume obtained by EIT, using a set of calibration equations determined by whole EIT images [33] and 
different regions of interest (ROI) [34], in a group of healthy males. The obtained results revealed that the 
mathematical adjustment of calibration equations were acceptable for being used in clinical practice. In this case, 
the impedance information was taken from the thoracic perimeter. In this work, we decide to substitute the 
impedance information corresponding to whole EIT frame for 4-electrode configuration taken from main EIT 
electrodes arrangement. The tetrapolar impedance changes will be taken from the main impedance matrix used 
for reconstruct EIT images. Our main challenge is to find out the optimal 4-electrode configuration and obtain 
a set of calibration equations in order to adjust and transform the impedance changes into a measurable volume 
data.  
 
 
2. Material and methods 
 
2.1. Pneumotachometer 
The pneumotachometer used to monitor the tidal volume was a Med Graphics preVentTM Pneumotach 
(Medical Graphics Corporation, St. Paul, MN, USA). It is controlled by software supplied by the manufacturer 
to record measurements of volume-time. These are displayed graphically on screen and numerically by 
downloading a text file. The pneumotachometer is calibrated by a 3-L syringe in accordance with standard 
laboratory protocols. In this research, the pneumotachometer was used as gold-standard. 
 
2.2. EIT device (TIE4sys) 
The TIE4sys is the fourth-generation of an EIT-prototype designed by the Electronic Engineering 
Department at the Universitat Politècnica de Catalunya, Barcelona, Spain. The TIE4sys uses 16 electrodes (Red 
Dot 2560 – 3M, London, Ontario, Canada). These are placed around the thoracic box at the level of the sixth 
intercostal space (see figure 1), following the protocol previously established by our research group [35]. To 
obtain a set of measurements, the EIT device injects an electrical current of 1mA at 48 kHz through a pair of 
adjacent electrodes. A differential voltage is sequentially recorded at the rest of adjacent electrode pairs. Once 
all potentials have been recorded for that injection electrode pair, the injection point and the voltage detection 
pairs are moved to the adjacent electrode pair, beginning a new cycle of measures. The procedure ends until all 
adjacent electrode pairs have been used as injectors and detectors. All determinations obtained by EIT are 
redundant, so it is possible to calculate the reciprocity error. This parameter describes the systematic errors and 
malfunctions present during the procedure (such as the poor contact of electrodes and skin) [36-37]. 
 EIT is a referential technique that produces dynamic images. It uses a reference frame that is unique for 
each subject. This matrix is constructed by averaging 200 frames corresponding to 12 seconds of tidal respiration 
and depicts the initial state with respect to which conductivity changes will be acquired. Once breathing is 
recorded and EIT images are reconstructed, an impedance signal which is proportional to lung volume changes 
is obtained. This signal is determined by s set of EIT images and it is in terms of total impedance indexes (TII) 
estimated by the addition of the impedance changes corresponding to all voxels of each EIT image [38].  
 
2.3. Impedance EIT matrix 
The impedance EIT matrix (IEITM) is a frame composed by 16x16 elements in which the impedance 
determinations obtained by TIE4sys are recorded. Each voxel of IEITM depicts a configuration of 2-, 3- and 4- 
electrodes depending on element position (see figure 2). The IEITM is processed by a Weighted Back-Projection 
(WBP) algorithm in order to obtain EIT dynamic images. The WBP algorithm uses a weight frame that takes 
into account the spatial sensitivity of IEITM’s voxel [39]. The advantages of WBP are: 1) it is possible to obtain 
a lower computing time, and 2) it does not need expensive computational features (hardware and software) [40-
41]. In order to obtain the impedance changes corresponding to each IEITM’s voxel, especially those obtained 
by 4-electrodes arrangement, a program in LabView was created. This software saves and graphs the impedance 
data of each voxel of interest. Our EIT system obtains 208 tetrapolar measurements. However, by the theorem 
of Geselowitz [42], just 104 measurements are used.  
 
2.4. Subjects 
In this research were analyzed 20 healthy males. All subjects were non-smokers with spirometry 
parameters within normal range. All test were performed between 9 am and noon in a room of pneumology area 
at sea level with an ambient temperature of 25℃ and relative humidity of 60%. All volunteers consented to 
participate in the study, which had been previously approved by the ethics committee of our center.  
 
2.5. Procedure 
The TIE4sys and pneumotachometer were simultaneously connected to each volunteer. The impedance 
changes obtained by TIE4sys, using EIT image and all 4-electrodes configurations, and the volume variations 
obtained by pneumotachometer were analyzed by a parametric correlation test. With this analysis, we can 
determine the best 4-electrodes configurations.  
For each 4-electrodes configuration chosen, 20 calibration equations were obtained. Firstly, we 
randomly order all volunteers. The sample was divided into two groups. The first (12 subjects) and second one 
(8 subjects) were called obtaining and validation group, respectively. This procedure was repeated 20 times. In 
each obtaining group, we used a general equation that allows to adjust the impedance changes into a measurable 
volume signal, the equation is expressed as following: 
 
∆𝑍𝑍 = 𝐴𝐴 × ∆𝑉𝑉                                                                                (1) 
where, ∆𝑍𝑍 is the impedance changes obtained by TIE4sys using 4-electrodes configurations, ∆𝑉𝑉 is the volume 
changes obtained by the pneumotachometer, and 𝐴𝐴 is a proportionality coefficient or calibration coefficient. 
This is defined in term of different anthropometric parameters [A=(age, weight, height, etc…)]. 
The tidal volume of each volunteer was recorded at rest 3 times during periods of 30 seconds, with 3-
minutes rest between measurements. Each respiratory maneuver was registered graphically and numerically. 
Prior to measure the respiration pattern, we recorded the anthropometric parameters as age, height, weight, and 
body mass index. We measure chest perimeters at rest, maximum inspiration and expiration. Also, we measure 
the side, front, back and subscapular skinfold thickness.  
 
2.6. Statistical analysis 
All data are expressed in terms of means ± standard deviations values. The Pearson’s correlation 
coefficient was used to select the best 4-electrode configurations. This parameter was set up over 0.500 (p < 
0.05). This statistical test was used because volume and impedance measurements showed a normal distribution 
(Kolmogorov-Smirnov test, p < 0.005).  Once the best 4-electrodes configurations were chosen, the calibration 
equations were obtained. Each calibration mathematical model was obtained by a multivariate linear regression 
of anthropometric parameters and the proportionality coefficients (A). This parameter is estimated by the 
quotient of tidal volume mean value (from pneumotachometer) and the impedance mean value (from TIE4sys).  
The comparison between the volume determinations obtained by pneumotachometer and TIE4sys in each 
validation group was performed by using parametric statistical trials: the Student’s t-test for related data, the 
Levene’s test and the Pearson’s correlation coefficient (r). In the statistical analysis, it was also used the error 
(in percentage) of the volume determinations obtained by TIE4sys, using each electrodes configuration, 
regarding to the measurements obtained by pneumotachometer.  
 
 
3. Results 
 
3.1. Analysis of 4-electrodes configurations and general calibration model 
The mean values of anthropometric parameters corresponding to the male sample were an age of 27 ± 7 
year, a height of 1.79 ± 0.1 m, a weight of 76.8 ± 12 kg and a body mass index of 24.1 ± 3.3 kg/m2. The thoracic 
skinfold measurements at front, side, back, and subscapular were 19 ± 5 mm, 19 ± 9 mm, 21 ± 7 mm and 22 ± 
8 mm, respectively. The chest perimeter measurements at rest, maximum inspiration and expiration were 89 ± 
6 cm, 93 ± 6 cm and 87 ± 6, respectively. 
In each respiratory exercise performed by each volunteer, the impedance changes obtained by TIE4sys, 
using EIT image and any 4-electrode configurations, and the volume variations obtained by pneumotachometer 
showed a high correlation (r > 0.9, p < 0.05). The significant Pearson’s correlations (p < 0.05) between the 
impedance determinations obtained by TIE4sys, different 4-electrodes configurations taken from IEITM, and 
the volume determinations obtained by pneumotachometer in the male sample (M:20) are shown in table 1. 
Based on our selection criteria (r > 0.500 with p < 0.05), the best 4-electrodes configurations were the 
arrangements of electrodes 3,4 (injection pair) - 11,12 (detection pair) and the electrodes 4,5 (injection pair) -
12,13 (detection pair), see figure 1 and 2. The Pearson’s correlation determined by EIT image was also 
significant and fits with our inclusion criteria.  
The general mathematical model that describe all calibration equations obtained in this study is expressed 
as following. 
 A = Cte + 𝛼𝛼1 × Age + 𝛼𝛼2  × Weight + 𝛼𝛼3 × BMI + 𝛼𝛼4 × ThP_Insp + 𝛼𝛼5 × ThP_Exp + 𝛼𝛼6 × ThP_Rest +𝛼𝛼7 × Front_Sf + 𝛼𝛼8 × Back_Sf + 𝛼𝛼9 × Average_Sf + 𝛼𝛼10 × SS_Sf                           (2) 
 
Where, Cte is the constant term, 𝛼𝛼𝑖𝑖 is the constant of each term and BMI is the body mass index. ThP_Insp, 
Thp_ExP and ThP_Rest are the thoracic perimeters at maximum inspiration, maximum expiration and at rest, 
respectively. Front_Sf, Back_Sf and SS_Sf are the front, back and subscapular thoracic skinfolds, respectively. 
Average_Sf is the mean value of front, back and side chest skinfold parameters. All equations are shown in table 
2, 3 and 4. 
 
3.2. Results obtained by using EIT image 
From the 20 obtained calibration equations, 19 of them involve the subscapular skinfold, 16 the weight, 
2 the body mass index (BMI) and 1 the age. All these mathematical models are shown in table 2. The mean 
value (± SD) of the determination coefficients (R2) of the 20 calibration equations determined by using EIT 
image was of 0.943 ± 0.010 (see figure 3).  
All equations were assessed in their respective validation groups. The volume determinations obtained by 
TIE4sys, using EIT image, and those obtained by the pneumotachometer, are shown in table 5. The mean value 
of Pearson’s correlation coefficients of the volume determinations obtained by both monitoring devices was of 
0.821±0.079 (see table 6). All of them with a p-value less of 0.05. Just in one group was not evidenced a 
significant correlation between volume measurements (r=0.685; p = 0.061). The error (in terms of percentage) 
of volume determinations obtained by TIE4sys regarding to the volume measurements obtained by 
pneumotachometer was of 15±6 % (see table 5). The mean (±SD) of t-test’s and Levene’s p-values determined 
by volume measurements obtained by TIE4sys and pneumotachometer in all groups was of 0.505±0.329 and 
0.637±0.288, respectively. These results are shown in table 6. 
  
3.3. Results obtained by using the configuration 3,4-11,12 
From the 20 obtained calibration equations, all of them involve the weight, 5 include the chest perimeter 
at rest (ThP_Rest), 4 the chest perimeter at maximum expiration, 3 the back thoracic skinfold, 1 the mean value 
of front, back and side thoracic skinfolds and 1 the chest perimeter at maximum inspiration. All this 
mathematical models are shown in table 3. The mean value (± SD) of the determination coefficients (R2) of the 
20 calibration equations determined by using the configurations of electrodes 3-4 and 11-12 was of 0.848 ± 
0.062 (see figure 3). 
All calibration models were validated in their respective validation groups. The volume determinations 
obtained by TIE4sys, using configuration of electrodes 3-4 and 11-12, and those obtained by the 
pneumotachometer corresponding to each group are shown in table 5. The mean value of Pearson’s correlation 
coefficients of the volume determinations obtained by TIE4sys and pneumotachometer was of 0.816±0.070 (see 
table 6). All of them with a p-value less of 0.05. Similar to the latter analysis, just in one group was not evidenced 
a significant correlation between volume measurements taken from both monitoring devices (r=0.664; p = 
0.070). The error (in terms of percentage) of volume determinations obtained by TIE4sys regarding to the 
volume measurements obtained by pneumotachometer (gold standard) was of 16±4 % (see table 5). The mean 
(±SD) of t-test’s and Levene’s p-values determined by volume measurements obtained by TIE4sys and 
pneumotachometer in all groups was of 0.252±0.292 and 0.529±0.287, respectively. These results are shown in 
table 6. 
 
3.4. Results obtained by using the configuration 4,5-12,13 
From the 20 obtained calibration models, 16 of them involve the weight, 2 the body mass index, 1 the 
age, 1 the front thoracic skinfold, 1 the side thoracic skinfold and 1 the subscapular skinfold. All these equations 
are shown in table 4.The mean value (± SD) of the determination coefficients (R2) of the 20 calibration equations 
determined by using the arrangement of electrodes 4-5 and 12-13 was of 0.690 ± 0.122 (figure 3). 
All calibration equations were assessed in their respective validation groups. The volume determinations 
obtained by TIE4sys, using configuration 4-5 and 12-13, and those obtained by the pneumotachometer, 
corresponding to each group are shown in table 5. The mean value of Pearson’s coefficients of the volume 
determinations obtained by TIE4sys and pneumotachometer was of 0.500±0.405, showing a p-value of 
0.346±0.351 (see table 6). In this analysis, 9 from the 20 studied groups evidence a significant correlations 
between the volume measurements obtained by both devices. The remainder did not evidence a significant 
correlation. The error (in terms of percentage) of volume determinations obtained by TIE4sys regarding to the 
volume measurements obtained by pneumotachometer (gold standard) was of 43±41% (see table 5). The mean 
of t-test’s and Levene’s p-values determined by volume measurements obtained by TIE4sys and 
pneumotachometer in all groups was of 0.432±0.322 and 0.420±0.317, respectively. These results are shown in 
table 6.  
 
 
4. Discussion 
 
In previous works, our research group have obtained a set of calibration equations for being used by our 
EIT system (TIE4sys). The impedance changes were adjusted and transformed into a measurable volume signal. 
In these cases, the EIT 16-electrodes configuration was used. The results obtained in healthy males evidenced 
that the mathematical adjustment of calibration equations was roughly R2 = 0.9 (p<0.05). Therefore, the volume 
determinations obtained by EIT were acceptable in order to monitor respiratory pattern. However, EIT systems 
are expensive for been acquired by any specialist. For this reason, we decided to use tetrapolar impedance 
measurements because these kind of determinations can be recreated by any cheap impedance equipment. Our 
research group analyzed the impedance changes taken from the IEITM, using only the 4-electrodes 
configurations, and the volume measurements obtained by the gold standard. The first objective of this research 
was to find out the optimal position of electrodes to monitor the ventilatory pattern. And the second one was to 
obtain a set of calibration mathematical models in order to adjust the tetrapolar impedance changes taken from 
IEITM and transformed it into a measurable volume signal. 
To accomplish the first objective, the tetrapolar impedance changes taken from IEITM (Figure 1) and 
volume determinations obtained by pneumotachometer were analyzed by the Pearson’s correlation test. By this 
statistical test, the best 4-electrodes configurations were selected. It was evidenced that only two configurations 
shown a correlation over r > 0.5 (p < 0.5). The first one is determined by the pair 3-4, used as current injector, 
and the pair 11-12, used as voltage detector (Figure 2). The second one is determined by the pair 4-5, used as 
injector, and the pair 12-13, used as detector (Figure 2). Whole EIT image was selected too. We consider that 
these two electrodes configuration were significant because of they provide more information about the 
respiration component. The injector pairs 3-4 and 4-5 are placed at the right side of thorax.  The right lung is 
bigger than the left one because it has 3 lobes while the left has only 2. This is due to the space that heart occupies 
[43].  
Now, to achieve the second objective, we have obtained and assessed 20 calibration equations for each 
selected electrodes configuration. It was evidenced that variation of the mathematical adjustment of calibration 
equations determined by EIT image was of 1%. However, the variation of the adjustment of those equations 
determined by the configuration of electrodes 3-4 and 11-12 and 4-5 and 12-13 was of 7% and 18%, respectively. 
The low variability of the equations determined by EIT image was due to the fact that all 104 tetrapolar 
impedance measurements are used [44]. The variability of those equations determined by the configuration of 
electrodes 3-4 and 11-12 may be compared with the obtained by the EIT image despite of using only one 
tetrapolar configuration. The high variability of the mathematical adjustment of those equations determined by 
the configuration 4-5 and 12-13 was due to a low correlation between the proportionality coefficients (A) and 
the anthropometrical data corresponding to each obtaining group. 
Weight was the most involved parameter in almost all calibration equations. This fact could be explained 
because the electrical current transfer depend on the resistance of whole human body mass. Each human tissue 
have different impedance index [45].  The tissue with the larger impedance value is fat. This factor makes 
difficult the calibration equation obtaining. 
Once the calibration equations were obtained, all of them were used by TIE4sys in order to adjust and 
transform the impedance changes into a measurable volume signal. The statistical comparison of volume 
determinations evidenced that the use of EIT image and the configuration of electrodes 3-4 and 11-12 are 
exchangeable for respiration monitoring. Probably, the configuration 3-4 and 11-12 is a good option because the 
position where the electrodes were placed was in a thoracic zone with less fat. Then, the electrical current passed 
through the thoracic muscles with facility and the impedance changes reflects easily the respiratory component. 
However, the correlations determined by the configuration 4-5 and 12-13 were not so good. Probably, the 
electrodes were placed in a zone with fat or it is possible that the impedance changes reflect also the cardiac 
component.  
The comparison of errors of volume determinations obtained by TIE4sys, using the EIT image and both 
configurations of electrodes, regarding to volume determinations obtained by pneumotachometer is shown in 
table 5. In there, it is evident that the errors determined by the EIT image and the configuration of electrodes 3-
11 and 11-12 are similar. The errors determined by both electrodes configurations did not shown statistically 
significant differences. Now, comparing these errors with those obtained by the configuration 4-5 and 12-13, it 
evidenced a significant differences. It was because of two groups of validation showed errors over 150%. If we 
take off the off layers, the error determined by this electrodes configuration is of 30 ± 3%. However, this value 
is too large to monitor the respiration.  
 In this study, all volume determinations were restricted in a small range (400 – 700 ml). So, the 
conclusions must be restricted to this volume range. In future studies, we need to improve the calibration 
equations by increasing the sample and assessing new anthropometric parameters.  
 
 
5. Conclusions 
 
The best mathematical adjustments of calibration equations were determined by using the EIT image and 
the configuration of electrodes 3-4 and 11-12. The most significant parameter involved in all of them was the 
weight. This confirm that transfer of electrical current depends on the resistance of whole human body mass. By 
using these equations, the percentage error of volume determinations obtained by TIE4sys was low enough to 
monitor de respiratory pattern. In the case of EIT image, the impedance variations are determined by the 
contribution of different impedance measurements taken around the thorax. So, the total impedance change 
includes different respiratory components from both lungs. However, the impedance changes taken from the 
configuration 3-4 and 11-12 was comparable with EIT image. So, the position of these 4-electrodes 
configuration was ideal to monitor breathing pattern. 
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Figure 3. Mean (±SD) values of the determination coefficients of the 20 calibration equations 
determined by each electrodes configuration. EIT image is the configuration determined by 
the use of 16-electrode configuration. Config 3.11 is the configuration determined by the 
electrodes 3-4 (current injectors) and 11-12 (voltage detectors). Config 4.12 is the 
configuration determined by the electrodes 4-5 (current injectors) and 12-13 (voltage 
detectors). These configurations are shown in figure 2. 
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Table 1. Significant Pearson’s correlations between impedance determinations obtained by TIE4sys, 
using EIT image (16-electrodes arrangement) and different 4-electrodes configurations, and volume 
determinations obtained by pneumotachometer in the sample of volunteers (M:20). 
 
Electrodes 
configuration 
Pearson’s coefficient  
r (p-value) 
4-electrodes: 1,2-3,4 0.467 (0.038) 
4-electrodes: 3,4-11,12*  0.568 (0.009) 
4-electrodes: 4,5-9,10 0.444 (0.050) 
4-electrodes: 4,5-12,13* 0.546 (0.013) 
4-electrodes: 12,13-8,9 0.488 (0.029) 
16-electrodes (EIT Image)* 0.578 (0.008) 
 
(*) Selected electrode configurations. The criteria 
selection was to obtain a Pearson’s correlation 
coefficient over 0.500 (p<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Coefficients of calibration equations determined by using 16-electrodes arrangement.  
 
 Cte1 Age *𝜶𝜶𝟏𝟏 
Weight 
*𝜶𝜶𝟐𝟐 
BMI2 
*𝜶𝜶𝟑𝟑 
SS_Sf 
*𝜶𝜶𝟏𝟏𝟏𝟏 
C.D.3 
(R2) 
1 2778   -14.0   -28.0 0.935 
2 2711   -11.0   -35.0 0.943 
3 2519   -9.1   -33.0 0.932 
4 2875   -15.0   -29.0 0.948 
5 2942   -15.5   -28.0 0.955 
6 2835   -12.1   -34.0 0.931 
7 2733   -10.8   -35.6 0.946 
8 1335 32.8     -48.0 0.954 
9 2907   -15.1   -30.3 0.951 
10 2684   -10.8   -34.1 0.935 
11 2933   -14.6   -31.4 0.953 
12 2758     -45.6 -24.4 0.932 
13 2944       -31.1 0.951 
14 2317       -52.1 0.937 
15 3499   -9.8 -68.9   0.939 
16 3070   -17.5   -27.8 0.965 
17 2608   -12.2   -27.9 0.937 
18 2576   -9.9   -32.9 0.939 
19 2609   -11.1   -29.4 0.931 
20 2523   -8.4   -35.2 0.944 
 
1 Constant term of each equation. 
2 Body mass index 
3 Coefficient of determination.  
  All values shown a p-value < 0.05 
* 𝛼𝛼𝑖𝑖 is the constant of each term. 
NOTE: the remainder of coefficients of equation (2) are not 
expressed in this table due to the value of them is zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Coefficients of calibration equations determined by the configuration of electrodes 3-4 and 11-
12. This configuration was taken from the main impedance matrix (IEITM) 
 
 
 Cte1 Weight *𝜶𝜶𝟐𝟐 
ThP_Insp2 
*𝜶𝜶𝟒𝟒 
ThP_Exp3 
*𝜶𝜶𝟓𝟓 
ThP_Rest4 
*𝜶𝜶𝟔𝟔 
Back_Sf5 
*𝜶𝜶𝟖𝟖 
Average_Sf6 
*𝜶𝜶𝟗𝟗 
C.D.7 
(R2) 
1 221 -2.0           0.814 
2 133 -2.8   1.7       0.854 
3 230 -2.1           0.774 
4 91 -2.8 2.1         0.894 
5 227 -2.0           0.741 
6 145 -2.9   1.8       0.883 
7 218 -2.0           0.802 
8 274 -3.3       2.4   0.896 
9 58 -3.1     2.8     0.836 
10 117 -2.2     1.3     0.921 
11 140 -2.9   1.8       0.852 
12 237 -2.1           0.683 
13 268 -3.1       2.0   0.874 
14 120 -2.7     1.7     0.880 
15 245 -2.2           0.837 
16 268 -3.0       1.7   0.862 
17 222 -2.5         1.9 0.935 
18 122 -2.7   1.8       0.845 
19 116 -2.6     1.7     0.912 
20 49 -3.3     3.1     0.869 
 
1 Constant term of each equation. 
2 Thoracic perimeter at maximum inspiration. 
3 Thoracic perimeter at maximum expiration. 
4 Thoracic perimeter at rest. 
5 Back thoracic skinfold. 
6 Mean value of back, front and side chest skinfolds parameters. 
7 Coefficient of determination. All p-values were less than 0.05 
* 𝛼𝛼𝑖𝑖 is the constant of each term. 
NOTE: the remainder of coefficients of equation (2) are not expressed in this table due to the 
value of them is zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Coefficients of calibration equations determined by the configuration of electrodes 4-5 and 12-
13. This configuration was taken from the main impedance matrix (IEITM) 
 
 
 Cte1 Age *𝜶𝜶𝟏𝟏 
Weight 
*𝜶𝜶𝟐𝟐 
BMI2 
*𝜶𝜶𝟑𝟑 
Front_Sf3 
*𝜶𝜶𝟕𝟕 
Back_Sf4 
*𝜶𝜶𝟖𝟖 
SS_Sf5 
*𝜶𝜶𝟏𝟏𝟏𝟏 
C.D.6 
(R2) 
1 194   -1.7         0.701 
2 196   -1.7         0.698 
3 168   -1.3         0.578 
4 202   -1.7         0.765 
5 232   -2.0         0.729 
6 228   -2.0         0.902 
7 282     -9.3       0.733 
8 185 3.5   -9.8 1.35     0.939 
9 183   -1.5         0.576 
10 114         -2.4   0.605 
11 253   -2.3         0.878 
12 203   -1.7         0.505 
13 230   -2.1         0.729 
14 140           -2.8 0.727 
15 183   -1.5         0.598 
16 237   -2.2         0.755 
17 152   -1.2         0.512 
18 177   -1.4         0.677 
19 202   -1.7         0.566 
20 211   -1.8         0.631 
 
1 Constant term of each equation. 
2 Body mass index. 
3 Front thoracic skinfold. 
4 Back thoracic skinfold. 
5 Subscapular thoracic skinfold. 
6 Coefficient of determination. All p-values were less than 0.05 
* 𝛼𝛼𝑖𝑖 is the constant of each term. 
NOTE: the remainder of coefficients of equation (2) are not expressed in this 
table due to the value of them is zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Volume determinations differences obtained by TIE4sys, using the 3 configurations of electrodes (EIT 
image, 3,4-11,12 and 4,5-12,13 electrodes configurations), and those obtained by the pneumotachometer (gold 
standard). The differences are expressed as percentage (%). 
 
VG1 Vpneumotach
2 
(l) 
Using EIT Image 
(16-electrodes) 
Using 3,4-11,12 electrode 
configuration 
Using 4,5-12,13 electrode 
configuration 
VTIE4sys3 
(l) 
Error4  
(%) 
VTIE4sys5 
(l) 
Error6  
(%) 
VTIE4sys7 
(l) 
Error8  
(%) 
1 0.571±0.116 0.586±0.150 13 0.596±0.185 20 0.685±0.291 32 
2 0.571±0.121 0.592±0.132 14 0.554±0.178 15 0.603±0.281 32 
3 0.576±0.119 0.587±0.140 14 0.553±0.198 21 0.607±0.298 35 
4 0.610±0.150 0.622±0.162 11 0.563±0.157 18 0.591±0.241 33 
5 0.588±0.125 0.548±0.118 13 0.535±0.139 16 0.473±0.095 25 
6 0.611±0.152 0.546±0.166 9 0.515±0.159 15 0.523±0.250 31 
7 0.555±0.083 0.548±0.110 14 0.637±0.167 21 0.563±0.870 159 
8 0.644±0.139 0.592±0.209 22 0.627±0.211 23 0.287±1.073 163 
9 0.584±0.118 0.631±0.139 12 0.582±0.132 16 0.643±0.254 27 
10 0.496±0.043 0.508±0.078 11 0.568±0.131 19 0.591±0.180 28 
11 0.553±0.140 0.542±0.124 16 0.507±0.144 12 0.483±0.167 34 
12 0.569±0.127 0.531±0.194 24 0.490±0.124 10 0.498±0.077 25 
13 0.576±0.139 0.575±0.126 12 0.509±0.110 14 0.569±0.109 30 
14 0.577±0.121 0.531±0.146 12 0.610±0.120 17 0.451±0.157 29 
15 0.560±0.120 0.562±0.235 31 0.471±0.144 11 0.552±0.285 32 
16 0.560±0.127 0.562±0.116 16 0.483±0.102 12 0.520±0.089 30 
17 0.567±0.106 0.636±0.129 8 0.654±0.207 23 0.758±0.274 31 
18 0.551±0.124 0.582±0.152 10 0.508±0.162 14 0.611±0.296 35 
19 0.575±0.128 0.556±0.129 14 0.647±0.097 11 0.550±0.084 25 
20 0.601±0.132 0.605±0.145 14 0.546±0.111 13 0.568±0.116 25 
 
 Mean 15 Mean 16 Mean 43 
SD9 6 SD9 4 SD9 41 
 
1 Validation groups. In all of them was assessed the calibration equations determined by the 3 configurations of electrodes. 
2 Volume determinations obtained by pneumotachometer (gold standard). 
3 Volume determinations obtained by TIE4sys using EIT image (16-electrodes configuration). 
4 Error (in percentage) of the volume determinations obtained by TIE4sys, using EIT image, respect to the volume 
measurements obtained by pneumotachometer. 
5 Volume determinations obtained by TIE4sys using 3,4-11,12 electrodes configuration. 
6 Error (in percentage) of the volume determinations obtained by TIE4sys, using 3,4-11,12 electrode configuration, respect 
to the volume measurements obtained by pneumotachometer. 
7 Volume determinations obtained by TIE4sys using 4,5-12,13 electrodes configuration. 
8 Error (in percentage) of the volume determinations obtained by TIE4sys, using 4,5-12,13 electrode configuration, respect 
to the volume measurements obtained by pneumotachometer. 
9 Standard deviation of errors (%). 
 
 
 
 
 
 
 
 
 
 
Table 6. Analysis of volume measurements obtained by pneumotachometer and TIE4sys, using 1) EIT image, 2) 
3.11 electrodes configuration and 2) 4.12 electrodes configuration. 
 
VG1 
Vpneumotach – VTIE4sys 
EIT image2 
Vpneumotach – VTIE4sys 
3,4-11,12 electrode configuration3 
Vpneumotach – VTIE4sys 
4,5-12,13 electrode configuration4 
t-test 
(p)5 
Levene’s 
p-value6 
Correlation 
r (p<0.05)7 
t-test 
(p)5 
Levene’s 
p-value6 
Correlation 
r (p<0.05)7 
t-test 
(p)5 
Levene’s 
p-value6 
Correlation 
r (p<0.05)7 
1 0.585 0.580 0.867 0.558 0.160 0.801 0.119 0.162 0.964 
2 0.467 0.972 0.801 0.616 0.351 0.903 0.637 0.174 0.885 
3 0.730 0.858 0.807 0.608 0.115 0.810 0.677 0.167 0.878 
4 0.617 0.937 0.904 0.274 0.718 0.741 0.808 0.600 0.542(*) 
5 0.196 0.814 0.796 0.154 0.493 0.750 0.059 0.745 0.163(*) 
6 0.015 0.703 0.938 0.019 0.924 0.836 0.019 0.924 0.836 
7 0.808 0.424 0.713 0.093 0.074 0.755 0.981 0.085 -0.123(*) 
8 0.332 0.300 0.750 0.767 0.644 0.719 0.369 0.11 0.218(*) 
9 0.088 0.759 0.871 0.967 0.829 0.735 0.318 0.274 0.900 
10 0.526 0.039 0.779 0.073 0.001 0.865 0.096 0.007 0.944 
11 0.734 0.989 0.785 0.089 0.813 0.892 0.321 0.491 0.280(*) 
12 0.453 0.314 0.709 0.007 0.710 0.889 0.197 0.596 0.108(*) 
13 0.954 0.838 0.863 0.056 0.679 0.804 0.909 0.651 0.050(*) 
14 0.093 0.708 0.891 0.371 0.571 0.664(*) 0.071 0.369 0.283(*) 
15 0.969 0.128 0.685(*) 0.005 0.519 0.903 0.912 0.198 0.924 
16 0.956 0.751 0.745 0.016 0.986 0.845 0.521 0.991 -0.141(*) 
17 0.003 0.279 0.950 0.097 0.268 0.852 0.018 0.169 0.953 
18 0.169 0.656 0.934 0.165 0.537 0.882 0.416 0.157 0.886 
19 0.518 0.809 0.809 0.015 0.506 0.879 0.629 0.543 0.164(*) 
20 0.883 0.872 0.813 0.092 0.682 0.801 0.556 0.983 0.278(*) 
 
M8 0.505 0.637 0.821 0.252 0.529 0.816 0.432 0.420 0.500 
SD9 0.329 0.288 0.079 0.292 0.287 0.070 0.322 0.317 0.405 
 
(*) Non significant correlations (p > 0.05). 
1 20 validation groups. In each one was assessed its respective calibration equation. 
2 Assessment of volume differences obtained by TIE4sys, using EIT image, and pneumotachometer.   
3 Assessment of volume differences obtained by TIE4sys, using the configuration of electrodes 3,4-11,12, and 
pneumotachometer.  
4 Assessment of volume differences obtained by TIE4sys, using the configuration of electrodes 4,5-12,13, and 
pneumotachometer.  
5 The volume differences were assessed by a Student’s t-test, setting a significant p-value at 0.05. 
6 The variance differences of the volume determinations obtained by both devices was performed by Levene’s test, setting 
a significant p-value at 0.05. 
7 The correlation analysis of volume determinations obtained by both monitoring devices was done by a Peason’s 
correlation test. 
8 Mean value. 
9 Standard deviation value. 
 
 
 
 
 
